The mesoscale convective system (MCS) that affected Germany at Pentecost 2014 (9 June 2014) was one of the most severe for decades. However, the predictability of this system was very low as the operational deterministic and ensemble prediction systems failed to predict the event with sufficiently long lead times. We present hindcasts of the event using the COnsortium for Small-scale MOdeling (COSMO) model at convection-permitting (2.8 km) resolution on a large (1668×1807 km) grid, which allowed us to simulate the whole life cycle of the system originating from the French Atlantic coast. Results show 5 that this model configuration successfully reproduces the convective events of that day. However, the low predictability of the event was evident by the surprisingly large impact of tiny changes to the model domain. We systematically shifted the model domain by one grid point in eight different directions, from which three did not simulate any convection over Germany. The analyses show that no important differences in domain-averaged initial conditions nor in the preconvective environment ahead of the convective system exist. That one-third of these seemingly identical initial conditions fails to produce any convection 10 over Germany is intriguing. The main reason for the different model results seems to be the proximity of the track of the initial convective system to the coast and colder sea surface. The COSMO model simulates small horizontal displacements of the precursors of the MCS which then determine if the cells dissipate close to the sea or reach a favourable area for convective development over land and further evolve into an MCS. This study demonstrates the potentially huge impact of tiny model domain shifts on forecasting convective processes in this case, which suggests that the inclusion of this simple method in 15 convective-scale ensemble forecasting systems should be evaluated for different cases, models and weather regimes.
. Global Forecast System analyses at 9 June 00:00 UTC showing 500 hPa geopotential height (gpdm, shading), sea-level pressure (hPa, white contours), and 500 hPa wind barbs. and produce an ensemble with sufficient spread. Thus, it is of interest to further evaluate this simple approach of domain 90 shifting to account for uncertainties in the initial and boundary conditions. This paper reports on the surprisingly large sensitivity of moving the model domain by only 1 grid point. We evaluate what the differences between the simulations were, and what the origin of these differences was. This gives us further insight into the important physical processes for this event, and helps understand why it was so difficult to predict in the operational forecast models. Furthermore, we explore the potential of model-domain shifting to help determine the predictability of convective 95 events within an ensemble modelling framework.
Synoptic situation and observed precipitation
To describe the synoptic situation of the event, we briefly summarize the analysis from Barthlott et al. (2017) . For more details, we refer to that paper and to the synoptic analysis performed by Mathias et al. (2017) . The synoptic situation on 9 June 2014 was characterized by a trough stretching across the northern Atlantic Ocean southwards almost to the Canary Islands and an 100 extensive ridge covering central northern Africa, the western Mediterranean Sea, and central Europe (Fig. 1) . At the surface, there was a low pressure system named "Ela" corresponding to the upper-level trough. The high pressure system over the continent ("Wolfgang") dominated the region between the Alps, Poland, and the Black Sea. This configuration was already present on the day before and had progressed only slowly eastward. During the period of 8-10 June 2014, the temperature contrast over Western Europe intensified. Cool Atlantic air masses were present at the eastern edge of the low pressure system, 105 while moist and very warm air of subtropical origin was carried north-eastwards by the strong upper-level south-westerly flow. previous simulations of this case, the changes suggested by Barrett et al. (2019) to minimise timestep-dependent results from the microphysics parameterization were not included. The model uses an Arakawa C-grid for horizontal differencing on a 125 rotated latitude/longitude grid. Initial and boundary conditions come from the ECMWF's Integrated Forecasting System (IFS) analyses with a resolution of 0.125°. All simulations are initialized at 00:00 UTC with an integration time of 36 h. The time step is set to 25 s. Deep convection is resolved explicitly and a modified Tiedtke-scheme (Tiedtke, 1989 ) is used to parameterize shallow convection. A 1D turbulence parameterization based on the prognostic equation for the turbulent kinetic energy after Mellor and Yamada (1974) is applied. No latent heat nudging or other data assimilation technique is used. Instead 130 of the operationally used single-moment microphysics scheme, we use the double-moment scheme of Seifert and Beheng (2006) assuming continental concentrations of cloud condensation nuclei (N CN = 1700 cm −3 ). In our configuration, the CCN concentration remains constant and is not varied as, for example, in the study of Barthlott and Hoose (2018) investigating aerosol effects on clouds and precipitation in central Europe.
Model domain choices 135
The model domain contains 600×650 grid points, which corresponds to an area of about 1668 km×1807 km. To be able to simulate the entire life cycle of the convective system, the domain covers France, Benelux, Germany, and the Alps with parts of the neighboring countries (Fig. 3) . The sensitivity of the model results to domain shifting is assessed by conducting simulations 
Reference run
In the reference run, simulated precipitation on the evening of 9 June occurs over Benelux and northern Germany (Fig. 4b ).
The area covered by precipitation generally agrees well with that from radar observations ( Fig. 4b ). However, the simulated precipitation is slightly too far north and areas near Cologne, Frankfurt, and south of Karlsruhe, the model produces less 145 precipitation and some single convective cells are not simulated. In contrast, precipitation covers more of the English Channel northern Netherlands and Belgium than observed. As far as the total precipitation amounts are concerned, the COSMO model produces similar values to those observed with slightly lower maximum values. However, radar is not an instrument measuring precipitation in a quantitative sense (see e.g., Rossa et al., 2005) and differences in the amount do not necessarily indicate a poor performance of the model. Unfortunately, this radar composite also suffers from missing data at some locations (e.g. over
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Belgium south-west from Cologne) and also different calibrations or Z-R-relationships (obvious from the strong precipitation gradient about 100 km north of Cologne).
The temporal evolution of of the convective system from both radar-derived and simulated 30-min precipitation rates is presented in Fig. 5 . Both systems follow a very similar track. We observe the following two main differences: (i) the model simulates the convective system too far to the North and (ii) the simulated MCS moves faster towards the East. These differences 155 are similar to the simulations of Mathias et al. (2017) . Moreover, the observed area covered with rain is larger than simulated.
However, the model succeeds in producing the bow-like structure of precipitation, typical of storms with an intense rear-inflow jet. Given the overall good agreement in precipitation location and timing with reasonable accumulations, we conclude that the reference run serves as a good basis for our sensitivity studies. which was nearer Bordeaux, and explains the northward displacement of the MCS track over Germany later in the evening. In addition to the REF run (Fig. 6e ), the runs NW, N, SW S, and, to a lesser extent also run E, successfully simulate convective precipitation over northern Germany. In run E (Fig. 6f ), the area with precipitation is too far in the North and the system decays too early, west of Hamburg. The other successful model runs differ slightly from REF in the maximum rain amounts 170 and horizontal extent of precipitation on the ground. Nevertheless, the results of those runs is rather similar with respect to 24-h accumulated precipitation. From these accumulations alone, the runs N, NW, or SW seem to be better suited as reference simulation due to the larger precipitation amounts. However, the analysis of the temporal evolution (not shown) reveals that reference run is closest to observations when both rain distribution and temporal development are considered. 
Differences in initial and boundary conditions
As we shifted the model domain only by one grid point towards the eight possible directions (referred to as Queen's case in spatial statistics), we expect only small differences in the initial and boundary conditions. This is justified by the difference in horizontal resolution of the initial data and the one used for the COSMO simulations. The spatial resolution of the IFS analyses 185 used in this study is approximately 13 km. As the COSMO simulations are run with 2.8 km grid spacing, many of the grid points used in the preprocessor are the same if they are shifted by ∆x = 2.8 km. This circumstance is illustrated in Fig. 7 in which the grid boxes of the input data and the COSMO grid of the southwest corner are displayed. Only for parts of the model boundary does the domain shifting of the high-resolution grid also imply a different grid point used for interpolation in the preprocessor of our model. Moreover, even when analyzing only the IFS input data, we do not see large point-to-point 190 gradients in any meteorological fields near the boundary of the nested COSMO simulations (not shown).
However, small differences are present and assessed quantitatively by domain-averaged meteorological variables at initialization time ( We therefore conclude that all differences in the initial and boundary conditions of the domain-shifted model runs are small.
But given the chaotic nature of the atmosphere in convective weather events and the nonlinearity of the system with many feedbacks involved, these small deviations can determine whether a large MCS develops or not. 
Convection-related parameters
The general preconditions for the initiation of deep moist convection are (i) conditional instability, (ii) a sufficient amount of humidity in the lower and middle troposphere to form clouds, and (iii) a trigger process to bring air parcels to their level of free convection (e.g., Doswell III, 1987; Bennett et al., 2006) . Trigger processes are e.g., the reaching of the convective temperature, lifting by convergence zones (e.g., Crook and Klemp, 2000) , or terrain-induced ascent (Kirshbaum et al., 2018) .
210
The organization and further life cycle is then affected by the vertical wind shear, CAPE, and relative humidity. To assess the state of the atmosphere in the vicinity of the MCS affecting northern Germany, we calculated several convection-related variables averaged over a rectangular box surrounding the convective system. The box has a size of 3°×2.5°and follows the storm along the path depicted in Fig. 6 . The box has been positioned in such a way that the convection is not centered in the domain, but rather on the western edge to better capture the (preconvective) environment into which the storm is moving. due to the advection of warm and moist air. However, the predictability of this event was very low; neither the operational deterministic nor the ensemble prediction system captured the event with more than 12 hours lead time (Barthlott et al., 2017) .
Hindcasts of this situation were performed with convection-permitting resolution on a large model domain, enabling the simulation of the whole life cycle of the system originating from the western Atlantic coast. The results show that the MCS 300 was reasonably well represented by the COSMO model in this setup. When compared to radar-derived precipitation rates, the MCS was simulated somewhat shifted to the North and the translation speed was slightly higher than observed. Germany on that day, while a fourth had some convection but did not capture the organised MCS. This large impact is even more surprising when considering the comparatively large computational domain of 1668 km×1807 km.
The evaluation of domain-averaged initial conditions, like low-level temperature, moisture, relative humidity, or wind shear showed only negligible differences. The temporal evolution of convection-related parameters in the vicinity of the storm system also revealed similar conditions in its preconvective environment. An explanation of the large differences in the model results 310 lies in the proximity of the track of the convective system to the north coast of France and the colder temperatures over the sea than the land. The convective system in the successful runs stays more or less entirely over land, allowing it to eventually reach a region favorable for convective organisation (with high CAPE, large shear and low CIN), whereas the early convection in the unsuccessful runs moved closer to the coast and had considerable portions located over the sea. This small displacement seems to be the main point deciding if the system decays or is able to live on and intensify into an MCS.
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Although perhaps an extreme example, this case is in agreement with many previous studies pointing out the effects of small-scale variability in atmospheric parameters (e.g. Crook, 1996; Weckwerth, 2000) . These results emphasize the difficulty of forecasting the location and intensity of convective precipitation due to the chaotic nature of the atmosphere in convective weather events and the nonlinearity of the system with many feedbacks. In this case it is required to capture a chain of events that is dependent on precisely predicting the location of initial convection; only if the outflow of the initial convective system 320 occurs in the right location can the damaging MCS be triggered.
The results of this work suggests that the method of model domain shifting could be used to account for uncertainties in the initial and boundary conditions by introducing a small disturbance at model initialization. However, this single case study needs to be expanded to cover more cases. Thus, it is of interest to further evaluate this simple approach of domain shifting, for example in weather regimes with strong synoptic forcing and more stratiform precipitation and in other models such as ICON
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(ICOsahedral Non-hydrostatic) (Zängl et al., 2015) . Moreover, whether changing the extent of domain shifting (e.g. from 1-10 grid points) is important should be evaluated.
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